The activity of several photosynthetic enzymes was unaltered by exposure of sorghum or maize to low temperatures (10 C) and light (170 w m-2). Two light-activated C4-pathway enzymes, NADP-malate dehydrogenase and pyruvate Pi dikinase, were reduced in activity, and this was largely attributable to a loss of enzyme rather than to incomplete enzyme activation. Loss of NADP-malate dehydrogenase was more marked in sorghum than in maize, and in both species no loss occurred at 10 C when light levels were reduced from 170 to 50 w m-2. A lightdependent, low temperature-induced loss of catalase activity was also observed in maize leaves. (9), on the other hand, suggested that an accumulation of starch caused by restricted translocation at low temperature, could exert a feedback effect on photosynthesis in the C-pathway species Digitaria deciwnbenis.
of NADP-malate dehydrogenase was more marked in sorghum than in maize, and in both species no loss occurred at 10 C when light levels were reduced from 170 to 50 w m-2. A lightdependent, low temperature-induced loss of catalase activity was also observed in maize leaves.
The rate of in vivo activation of pyruvate Pi dikinase following illumination was reduced at 10 C compared with that at 25 C, but no inunediate effect of low temperature on the in vivo activation of NADP-malate dehydrogenease could be measured. A similar differential effect of temperature on the rates of activation of these two enzymes was found in vitro. Arrhenius type plots of pyruvate Pi dikinase from sorghum and maize demonstrated a further sensitivity to low temperature. A sharp increase in the activation energy of this enzyme was observed below 12 C, both in the presence and absence of Triton X-100. No change in the activation energy of maize leaf malic enzvme, NADP-malate dehydrogenase, fructose-i,6-diphosphate aldolase, or NADP-glyceraldehyde 3-P dehydrogenase occurred over a temperature range of 6 to 30 C. The postillumination time course of pyruvate Pi dikinase activation, net photosynthesis and stomatal opening was followed. Reduction in the rate of response that occurred with decreasing temperature was similar in all cases, and at any one temperature, pyruvate Pi dikinase activation slightly preceded increasing photosynthesis rates. Causal relationships could not, however, be proved.
Characteristic differences between Calvin cycle and C4-pathway plants in their growth and photosynthetic responses to temperature are well documented (7) . The relatively poor growth of Calvin cycle species at high temperatures can, at least partly, be ascribed to loss of CO2 through photorespiration (7), whereas several suggestions have been made to ex- plain the poor growth of C-species at low temperatures. Treharne and Cooper (25) attributed this poor growth to a high 1This paper is dedicated to the memory of Milton Ztucker, an understanding friend and fine scientist.
temperature optimum for PEP"-carboxylase of C-pathway plants, while Phillips and McWilliam (18) demonstrated a sharp increase in the activation energy of this enzyme from some C,-pathway species at temperatures below 12 C. Garrard and West (9) , on the other hand, suggested that an accumulation of starch caused by restricted translocation at low temperature, could exert a feedback effect on photosynthesis in the C-pathway species Digitaria deciwnbenis.
When ambient temperatures are lowered, photosynthesis rates of mature leaves of C-grasses fall immediately (23) , and in chilling-sensitive species this reduced rate becomes progressively irreversib"e if plants are maintained at moderate to high levels of light. Since light intensity-dependent changes in the photosynthetic capacity of mature leaves of other plants have been ascribed to altered levels of some photosynthetic enzymes (13) . we have examined the possibility that irreversible reductions in photosynthetic rates of maize and sorghum under chilling could be attributed to a change in the level of some enzyme.
Previously reported temperature effects on PEP-carboxylase activity (18, 25) have implied that this enzyme regulates photosynthesis rates. There seems little reason to assume this in view of its high level relative to those of some other C,-pathway enzymes in the leaves of C4-pathway plants (14) . We examined the influence of temperature on the in vitro activity of a number of C,-pathway enzymes that we considered were equally likely to be limiting photosynthesis rates. (12, 15) were taken to minimize additional activation of these enzymes during extraction.
MATERIALS AND METHODS
Enzyme Assay. Previously published methods shown in parentheses were used to assay the following enzymes: pyruvate Pi dikinase (1, assays 1 and 2); P-pyruvate carboxylase, RuDP carboxylase, NADP-malate dehydrogenase, NADP-glyceraldehyde-3-P-dehydrogenase, fructose-1,6-diP aldolase, adenylate kinase and pyrophosphatase (19) ; alanine aminotransferase and aspartate aminotransferase (2); and carbonic anhydrase (8) . Catalase was assayed in centrifuged homogenates of 1 g of leaf lamina in 5 ml of 50 mM phosphate buffer (pH 7.0). Aliquots of 10 to 50 ,ul of crude enzyme were added to 3 ml of 20 mm phosphate buffer containing 0.02% Triton X-100, and the reaction was started by adding 0.1 ml of 1.8 M H202. H202 hydrolysis was followed at 240 nm.
Effects of temperature on the in vitro activity of NADPmalate dehydrogenase, NADP-malic enzyme, fructose-diP aldolase, and NADP-glyceraldehyde 3-P dehydrogenase were assayed spectrophotometrically by methods described above using a Gilford model 240 recording spectrophotometer. Temperature of the reaction mixture was regulated by circulating water from a temperature-controlled bath through the cuvette holder and monitored during each assay by a thermocouple inserted into the cuvette. Temperature effects on the activity of PEP-carboxylase and pyruvate Pi dikinase in uncentrifuged Sephadex eluates were assayed using radioactive methods (1, 19) . The control of temperature required for these assays and measurements of the in vitro activation of pyruvate Pi dikinase and NADP-malate dehydrogenase were achieved using a series of aluminum blocks cooled by circulating chilled water and heated proportionally through silicone controlled rectifiers. Using this apparatus, reaction temperatures could be controlled over a range of 8 to 30 C with a variation of less than 0.1 C.
Enzyme (17) . Water vapor concentration was measured using a psychrometer based on the design of Slatyer and Bierhuizen (20) , but modified by using miniature diodes to measure temperature and by replacing the Perspex block with an aluminum block to provide improved temperature control. The chamber was illuminated by the lights of the growth room in which both the gas exchange and enzyme measurements were made. Radiant flux density within the chamber was adjusted to be similar to the light environment of the leaves being sampled for enzyme analysis using a Lambda Instruments Co. Ltd. quantum sensor (3).
RESULTS

Levels of Enzymes in Leaves Exposed to Chilling and Light
Stress. As previously observed, the transfer of maize or sorghum plants from 25 to 10 C at a moderate light intensity, caused severe necrosis of exposed leaves within 4 to 5 days (22) . Because of this, measurements were not extended beyond the 3rd day. During this 3-day period, the leaf content of most of the enzymes assayed remained constant. No change in the levels of NAD-malate dehydrogenase, ribulose-1 ,5-diP carboxylase, carbonic anhydrase, alanine aminotransferase, aspartate aminotransferase, adenylate kinase, and pyrophosphatase were observed during 3 days stress at 10 C. In addition to these, FDP-aldolase and PEP-carboxylase (Table I ) also remained unaffected. The higher activity of NADP-glyceraldehyde-3-P dehydrogenase measured in sorghum on the 1st day of stress treatment may represent an increased proportion of the enzyme in an active form (26) , rather than a larger total amount of enzyme, since similar increases were detected within 2 hr of transferring plants from 25 to 10 C at midphotoperiod. The activities of NADP-malate dehydrogenase, pyruvate Pi dikinase, and catalase were, however, reduced by 50% or more (Table I ). This did not occur if plants were shaded to 50 w m-2 when chilling was commenced, demonstrating that bright light is required for loss of enzyme activity at 10C.
Both NADP-malate dehydrogenase and pyruvate Pi dikinase have previously been found to change in vivo from inactive to active forms following illumination and to become inactive when illuminated leaves are darkened. It seemed possible, therefore, that their lower activity in leaf extracts could reflect either a much reduced rate of activation at low temperature such that maximum activation of the enzymes was not complete at mid-photoperiod, or a smaller proportion of the enzyme in an active form at maximum activation, or an actual reduction in the total amount of these enzymes. The time course of activation of these enzymes was measured, therefore, in the leaves of sorghum before and after transfer to 10 C (Fig. 1) . Low temperatures affected the in vivo activation of these two enzymes differently. The rate of activation of pyruvate Pi dikinase was measurably slower on the 1st day of illumination at 10 C than at 25 C, while that of NADP-malate dehydrogenase was not. On the 3rd day of exposure to 10 C, pyruvate Pi dikinase reached a maximum activation of approximately one-half that obtained at 25 C, while little activation of NADP-malate dehydrogenase occurred. Incubation of leaf ex- tracts from sorghum exposed to 10 C for 3 days under conditions that promote in vitro activation of these enzymes resulted in activation of the enzymes to levels only slightly greater than those shown in Figure 1 . This suggests that the lower levels of active enzyme which developed under stress resulted principally from a reduction in the amount of activatable pyruvate Pi dikinase and NADP-malate dehydrogenase.
In a second experiment, extracts prepared from both sorghum and maize plants exposed to the same chilling stress as used previously were assayed before and after in vitro activation (Table bD) . The data confirm trends in Figure 1 and show that large differences between species and temperatures can exist, since reductions in the level of NADP-malate dehydrogenase were much less pronounced in the more chilling-tolerant maize (23) Figure 2 , was observed over a temperature range of 6 to 30 C. However, sharp changes in activation energies were observed at around 12 C for PEP-carboxylase (1 8) , anid for pyruivate Pi dikinase from sorg-hum (Fig. 2) and maize.
In contrast to previous observations that temperature-dependent changes in the activation energy of PEP-carboxylase (18) were removed by Triton X-100, we found that Triton marginally enhanced the change in activation energy of pyruvate Pi dikinase. Triton X-100 at 0.5% (v/v) in the assay mixture did not affect the activation energy of pyruvate Pi dikinase above 12.5 C but caused a slight increase in the activation energy below this temperature. We have been unable to determine any artifact that would account for this observed change in activation energy. Arrhenius plot inflexions occurred when HEPES or Tricine buffers, which show only a small change in pH with change in temperature (10) were substituted for tris buffer (Fig. 2) . Furthermore, reaction rates were linear over the 9-min assay period at all temperatures used, and the activity of the enzyme in assay mixtures held below 30 C for this period and then transferred to 30 C, reached that of the enzyme assayed directly at 30 C within 2 min. This suggests that partial inactivation of the enzyme at low temperatures, analogous to reversible inactivation at 0 C previously observed (11, 21) , could not account for the change in activation energy below 12 C. Pyruvate Pi dikinase activation following the illunMination of sorghum leaves at 10 C was considerably slower than at 25 C, whereas there appeared to be little immediate effect of low temperature on the activation rate of NADP-malate dehydro- (Fig. 3) at varying temperatures. These differences resembled those observed in vivo (Fig. 1) , suggesting that temperature has a direct and differential effect on the activation of these two enzymes in the intact leaf. Correlations between Pyruvate Pi Dikinase Activation, Net Photosynthesis, and Stomatal Resistance. Temperature, through its influence on the rate of activation of pyruvate Pi dikinase, could affect P-pyruvate production following the illumination of previously darkened leaves. Availability of P-pyruvate should influence the rate of photosynthesis in C-pathway species, so we examined the in vivo kinetics of pyruvate Pi dikinase activation, stomatal opening, and increase in photosynthesis following the illumination of maize plants at different temperatures between 10 and 30 C. Changes in these parameters were rapid at all temperatures, and there was an approximately linear relationship between temperature and the halftimes for attainment of maximum pyruvate Pi dikinase activation and photosynthesis rate (Fig. 4) . At any one temperature, increase in enzyme activity slightly preceded that of increasing photosynthesis, and maximum photosynthesis rates were attained at approximately the time minimum stomatal resistances occurred. However, after longer illumination oscillations in stomatal resistance occurred which were not accompanied by comparable changes in the photosynthesis rate (Fig. 5) , suggesting that at this time CO2-availability was not limiting photosynthesis.
Estimates of the in vivo P-pyruvate generating capacity of pyruvate Pi dikinase at 16 C (Fig. 5) made from in vitro enzyme activity assayed at 30 C and corrected to 16 C using the in vitro temperature response of the enzyme (Fig. 2) , indicated a lower CO2 fixing capability than was actually observed. At 699 present we have no good explanation for this discrepancy but would emphasize that both the in vitro instability of the enzyme (11) and product inhibition (1) make estimation of total activity difficult. Measured activities at 30 C were equivalent to 2.5 jzmoles PEP min' mg-1 Chl, which are somewhat lower than the highest values observed in field-and glasshouse-grown maize (14) . DISCUSSION Chilling temperatures have been shown to modify both the in vivo and int vitro activity of several photosynthetic enzymes Arrhenius plot of the in vitro activation of pyruvate Pi dikinase and NADP-malate dehydrogenase from maize. Extracts prepared from youngest fully expanded leaves darkened for 3 hr before harvest were passed through Sephadex G25 equilibrated with 50 mM Tricine-NaOH pH 8.3, 10 mM MgCl2 and 25 mM dithiothreitol for the dikinase assays, or without dithiothreitol for dehydrogenase assays. Pyruvate (50 mM) was then added to the eluate used for pyruvate Pi dikinase measurements and subsamples equilibrated to the various temperatures. Dikinase activation was commenced by adding 2.5 mM Pi and aliquots removed at 10-min intervals over a 1-hr period for assay at 30 C. Dithiothreitol (20 mM) was added to temperature equilibrated subsamples to initiate the activation of NADP-malate dehydrogenase and aliquots removed at 5 min intervals for assay at 30 C. (24) showing that C,-grasses differing in chilling sensitivity show a build-up of one or other of these two amino acids when exposed to low temperatures and light. In addition, pulse chase type experiments on sorghum leaves revealed that 80% of radiocarbon from photosynthetically absorbed "CO., remained in aspartate after a 30 hr stress treatment, demonstrating a profound change in radiocarbon exchange between photosynthetic intermediates (6) . Viewed in total, our results imply that reducing NADPmalate dehydrogenase levels became a progressively greater restriction to C,-cycle functioning when the stress-sensitive sorghum is exposed to chilling and light.
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